Abstract Raman spectrometers will form a key component of the analytical suite of future planetary rovers intended to investigate geological processes on Mars. In order to expand the applicability of these spectrometers and use them as analytical tools for the investigation of silicate glasses, a database correlating Raman spectra to glass composition is crucial. Here we investigate the effect of the chemical composition of reduced silicate glasses on their Raman spectra. A range of compositions was generated in a diffusion experiment between two distinct, iron-rich end-members (a basalt and a peralkaline rhyolite), which are representative of the anticipated compositions of Martian rocks. Our results show that for silica-poor (depolymerized) compositions the band intensity increases dramatically in the regions between 550-780 cm À1 and 820-980 cm À1 . On the other hand, Raman spectra regions between 250-550 cm À1 and 1000-1250 cm À1 are well developed in silica-rich (highly polymerized) systems. Further, spectral intensity increases at~965 cm À1 related to the high iron content of these glasses (~7-17 wt % of FeO tot ). Based on the acquired Raman spectra and an ideal mixing equation between the two end-members we present an empirical parameterization that enables the estimation of the chemical compositions of silicate glasses within this range. The model is validated using external samples for which chemical composition and Raman spectra were characterized independently. Applications of this model range from microanalysis of dry and hydrous silicate glasses (e.g., melt inclusions) to in situ field investigations and studies under extreme conditions such as extraterrestrial (i.e., Mars) and submarine volcanic environments.
Introduction
Advanced imaging spectroscopy and instrument technologies have established Raman spectrometry as a powerful technique for rapid and precise determination of the distribution of assorted compounds in heterogeneous samples. Both inorganic and organic materials can be identified in situ with a submillimeter resolution, under extreme conditions and with little to no sample preparation (see Tarcea et al. [2008] and Greenberger et al. [2015] for reviews).
Due to their intrinsic analytical capabilities, Raman spectrometers have been developed for two forthcoming Mars missions (ExoMars program (2016 (ExoMars program ( -2018 and Mars 2020). They form a key component in the suite of analytical instrumentation for the planetary rovers, which are intended to both investigate geological processes and search for evidence of biological activity on Mars.
The design of these planetary rovers is dependent on (1) preliminary instrument testing for which the identification of appropriate analogue samples is required [e.g., Mustard et al., 2013; Hutchinson et al., 2014; Motamedi et al., 2015] and (2) the availability of a database of Raman spectra capable both of chemical and mineralogical identification.
determine the presence of water in silicate glasses [e.g., Thomas, 2000; Zajacz et al., 2005; Behrens et al., 2006; Le Losq et al., 2012] .
Iron-rich basalts are widely dispersed on the Martian surface (see McSween [2015] for a review). Further, several recent studies [e.g., Christensen et al., 2005; Horgan and Bell, 2012; Blake et al., 2013; Vaniman et al., 2013; Bish et al., 2013; Downs, 2015; Grotzinger et al., 2015; Kah, 2015; Newsom et al., 2015; Cannon and Mustard, 2015] observed high abundances of alkali-and silica-rich amorphous materials in sedimentary rocks and impact-related deposits on the Martian surface and in Martian meteorites. In particular, Horgan and Bell [2012] observed large glass dune fields, which may testify to the existence of extensive explosive volcanism, possibly due to magma-water interaction, and where glass grains are presumably altered by water. Yet the characteristics of glass composition and origin are poorly constrained. Further, the recent study from Cannon and Mustard [2015] proposes that impactite (glassy material resulting from impact) found on Mars could "provide a means to trap signs of ancient life." Thus, although glass seems to be a common feature on Mars and a key to understanding both Martian magmatic and surface processes, no precise compositional data exists as of yet.
Here we expand the compositionally dependent Raman database recently presented [Di Genova et al., 2015 , 2016 ] to iron-rich basaltic and rhyolitic melts relevant to Mars. Those papers have shown how the presence of iron, and its oxidation state, greatly affects the Raman spectral features of glasses. This is evident, for example, when comparing the rhyolitic (sample Y12, iron-poor) end-member spectrum reported in Di Genova et al. [2015] with the iron-rich rhyolite spectrum showed in Di Genova et al. [2016] (sample Fsp1). As discussed in detail in Di Genova et al. [2016] , the presence (or absence) of the band located at~970 cm À1 is the most direct spectral signature that enables identification of a glass as iron-rich (or iron-poor). This band is the expression of the Fe 3+ in fourfold coordination in the glass structure. Through this spectral element, the iron oxidation state may be estimated by Raman spectroscopy. These considerations have brought us to the conclusion that the model to estimate the chemical composition of iron-poor glasses (typical from calc-alkaline volcanic system of our planet) presented in Di Genova et al. [2015] , where the 970 cm À1 band is absent, is not suitable for Mars where iron-rich samples are expected. Therefore, a new model calibrated on iron-rich glasses is required.
We performed a diffusion experiment between iron-rich basaltic and rhyolitic melts considered as analogues for materials identified on the surface of Mars. The diffusion experiment produced a wide range of intermediate compositions between the two end-members. We systematically acquired Raman spectra across the diffusion interface and correlated these spectra to the local chemical composition.
Assuming a linear mixing model for the evolution of the acquired spectra, we retrieve a Raman parameter, which is then employed to estimate the chemical composition of glassy samples. The linear assumption has been validated in previous studies [Di Genova et al., 2015 , 2016 as enabling the extraction of quantitative information from Raman spectra. Here we confirm that a more complex parameterization of the spectra is not required. This calibration broadens the compositional range of application of our previously published Raman model to include spectra of alkali and iron-rich glasses, which correspond to the chemical range anticipated on Mars.
With the benefit of this calibration, Raman spectroscopic investigation should now allow for a rapid, remotely controlled and in situ identification and investigation of silicate glasses as expected for future extraterrestrial rover missions (e.g., Mars).
Experimental Methods

Starting Material
The starting materials for the experimental syntheses consisted of anhydrous and bubble-free glasses of (1) synthetic iron-rich basalt and (2) natural peralkaline iron-rich rhyolite (pantellerite) equilibrated under reducing conditions. The first material consists of an iron-rich (~20 wt % FeO tot. ) basaltic composition exemplifying the known variety of Martian basalts [Chevrel et al., 2014] . Its composition was calculated from equilibrium melting of a primitive mantle composition (given by Dreibus and Wanke [1984] for a pressure of 13 kbar and a Martian mantle temperature of 1400°C, corresponding to 15% of mantle partial melting [Baratoux et al., 2011] ). This sample is hereafter defined as "basaltic end-member" and named HDM according
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to Chevrel et al. [2014] . The second sample was collected from Punta Spadillo, Pantelleria Island, Italy (see Di Genova et al. [2013] for sample location). It has a silica-, alkali-and iron-rich composition, hereafter defined as "rhyolitic end-member" and named PS. The natural rock was powdered and melted in air at 1500°C. The melt was homogenized by continuous stirring in a concentric cylinder apparatus at atmospheric conditions for 24 h and quenched afterwards.
Considering the reduced state of Martian conditions [e.g., McSween et al., 1996; Ghosal et al., 1998; Herd et al., 2002; Righter et al., 2008] and in order to avoid iron-oxide crystallization due to the high iron content of the samples, both the basaltic and rhyolitic end-members were equilibrated under reducing conditions. For this, each sample was placed in a vertical gas-mixing furnace equipped with a gas tight alumina muffle tube and CO-CO 2 gas mixing lines. The oxygen fugacity f(O 2 ) was controlled by the CO-CO 2 gas mixtures and monitored by an yttrium-stabilized, zirconia-based oxygen sensor. The samples were kept at 1400°C and under À10 log fO 2 for at least 24 h in order to ensure equilibrium. The reduced melts were then rapidly quenched to avoid oxidation (see Chevrel et al. [2014] and Di Genova et al. [2016] for details).
Optical and electron microscopy investigation proved that the obtained glasses were free of bubbles and crystals. Their redox state was measured on approximately 25 mg of material by a wet-chemistry method based on the potentiometric titration of potassium dichromate (see Chevrel et al. [2014] for details). The rest of the material was used for the diffusion experiment.
Diffusion Experiments Under Reduced Conditions
The diffusion experiment was performed in an Al 2 O 3 crucible under reduced conditions. The basaltic endmember was first melted into the ceramic crucible (~5 min), and the rhyolitic end-member was then loaded above. This allows a gravitationally stable melt interface as a result of the density contrast between the melts (2376 kg m À3 for PS sample and 2767 kg m À3 for HDM, after Lange and Carmichael [1990] at the experimental T of 1400°C).
The diffusion experiment was performed at 1400°C for a duration of 4 h under the same oxygen fugacity as used in the synthesis (À10 log fO 2 ). At the end of the experiment, rapid quenching was achieved by immersing the base of the crucible in distilled water. A polished section, perpendicular to the contact surface between the two end-members, was exposed in order to perform chemical and Raman spectroscopic analyses along the maximum chemical gradient.
Chemical Analysis
The major element composition along the diffusion interface was determined at the Department of Earth and Environmental Sciences at the University of Munich, using a Cameca SX100 electron microprobe analyzer (EMPA) with 15 kV acceleration voltage and 5 nA beam current. In order to reduce the alkali volatilization the beam diameter was defocused down to 10 μm. Both the employed standards and the applied matrix correction are reported in Di Genova et al. [2015] . The accuracy was better than 2.5% for all analyzed elements.
Raman Spectroscopy
Two different micro-Raman spectrometers, calibrated using a silicon standard, were employed to acquire Raman spectra; (1) HORIBA LabRAM HR at the Dipartimento di Scienze at the Università degli Studi di Roma Tre to collect spectra along the glassy filament and (2) HORIBA XploRA ONE at the Department of Earth and Environmental Sciences at the University of Munich to collect the external samples spectra. The micro-Raman spectrometers are equipped with a green argon ion laser (532 nm) focused through a 100× objective. Optical filters were employed in order to achieve~2.5 mW at the surface of the glassy interface. The Raman systems were set with 600 T and 1200 T gratings, exposure time 90 s (3 times), confocal hole of 200-500 μm, and slit of 200 μm, and the spatial resolution of the sample surface is~1 μm (theoretical spatial resolution = 0.61 λ/NA where λ is the wavelength of the laser (532 nm), and NA is the numerical aperture of the microscope objective being used (0.9 for 100×)).
Raman spectra were acquired over the range from 50 to 1500 cm
À1
. A correction for the wavelength of the laser and temperature dependence of the spectra intensity was applied to all the acquired spectra according to Shuker and Cammon [1970] and Long [1977] approaches. Later, a baseline correction has been applied to all the spectra according to the strategy reported in Di Genova et al. [2015] . Finally, spectra were normalized in order to obtain an intensity maximum of 100 auxiliary units. 
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Chemical Compositions of the Diffusion Experiment
Examination of the experimental product by backscattered electron imaging and the lack of sharp peaks in the Raman spectra verify that the quenched material is glassy, thus preserving the compositions generated during the diffusion experiment.
The diffusive contact exhibits chemical boundary patterns spanning the entire range of compositions between both end-members. The chemical analysis result is reported in Table S1 in the supporting information and Figure 1 on a total alkali-silica (TAS) diagram and as a function of distance from the Si-rich (rhyolitic) to the Si-poor (basaltic) end-member, respectively. The length of the investigated profile, obtained from the experiment, is approximately 3000 μm.
The chemical composition varies continuously across the profile. Starting from the rhyolitic end-member we observe downhill diffusion [Chakraborty et al., 1995] across the interface (~845 μm). This process is most prominent for iron, resulting in a decreasing FeO content down to~6.9 wt %, which is lower than either end member composition. The silica content of the sample does not change strongly over this distance, and we therefore consider the composition with lowest Fe content (~845 μm) as the rhyolitic "end-member" of the mixing model.
Raman Spectroscopy
Figure 2 shows a selection of the Raman spectra acquired from the rhyolitic to basaltic end-members (in Figure S1 in the supporting information all the acquired Raman spectra are reported).
The Raman spectra can be divided into three main regions: the low-wave-number region (LW~250-650 cm
À1
), the mid-wave-number region (MW~650-850 cm
) and the high-wave-number region (HW~850-1250 cm
).
The LW region is commonly ascribed to vibrations of bridging oxygens associated with three-, four-, five-, six-, or higher-membered rings of tetrahedra which participate in silicate networks [e.g., Bell et al., 1968; Mysen et al., 1980; McMillan et al., 1982; Seifert et al., 1982; Neuville and Mysen, 1996] .
The structural contribution to the MW region is less constrained. The 800 cm À1 band has been attributed, for pure silica glass, to Si-O stretching involving oxygen motions in the Si-O-Si plane [McMillan et al., 1994] or to the motion of the Si in its oxygen cage . The intensity of this peak decreases with increasing the network modifier content [Neuville et al., 2014] . ), and it reflects the structural effects of the network-modifying or Figure 1 ). For better visualization, the spectra were offset vertically.
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charge balancing cations [e.g., Bell and Dean, 1972; Furukawa et al., 1981; McMillan, 1984; Mysen, 1988; Neuville et al., 2014] ).
In the LW region, the rhyolitic endmember (blue color, Figure 2 ) shows a broad (asymmetric) band located at~489 cm À1 , a weak shoulder at~350 cm À1 and another shoulder of higher intensity located at~580 cm À1 .
With decreasing silica content (i.e., moving toward the basaltic endmember, red color, Figure 2 ), the LW Raman spectra change drastically in both peak position and intensity, showing a wider peak at 565 cm
À1
, a shoulder at 590 cm
, and a weak shoulder at~400 cm À1 . In general, the intensity of the low-wave-number region for the basaltic composition (most depolymerized) is much lower than for rhyolitic, most polymerized, composition.
The MW region exhibits a symmetrical, broadband around~700 cm À1 in the basaltic end member that shifts and sharpens to~800 cm À1 in the rhyolitic end member (Figure 2 ).
In the HW region, the rhyolitic end-member spectrum displays an asymmetric band located between 850 and 1250 cm
. The spectrum shows a peak at~990 cm À1 and two shoulders at~1040 and~1150 cm
. In contrast, with decreasing SiO 2 content, the high-wave-number region exhibits a band occurring between 800 and 1200 cm À1 with a peak at around~965 cm À1 and two shoulders located at~890 cm À1 and 1040 cm
, respectively.
These features for LW, MW, and HW regions are in accordance with the results presented in Di Genova et al.
[2016] for reduced pantelleritic glasses.
From these observations (Figure 2 ) we infer that both peak position and intensity of Raman spectra are intimately related to the changes in the glass structure (e.g., modification of inter-tetrahedral bond angles, force constants, T-O distances, and polymerization degree of the silicate structure) occurring in the samples with the variation of the chemical composition (see Rossano and Mysen [2012] and Neuville et al. [2014] for reviews) and oxygen fugacity conditions [Di Genova et al., 2016] . In order to estimate the chemical composition of the investigated samples we adopt the model reported in Di Genova et al. [2015] to empirically parameterize the recovered Raman spectra.
For this purpose, we combined the measured chemical composition with the collected Raman spectra (Table 1 and Figure S1 ) using an ideal mixing model (equation (1)). The Raman spectra were parameterized with respect to the spectra of the two end-members as a function of the Raman parameter R p using the following equation:
where I n represents the normalized intensity for each wave number of the acquired Raman spectra and E B and E R represent the normalized intensities of the same wave number for the basalt end-member and rhyolite end-member Raman spectra, respectively.
The obtained Raman parameters using the equation (1), associated to each spectrum, are reported in Table 1 and plotted in Figure 4 as a function of chemical composition.
Note that the R p parameter is equal to 0 at the rhyolitic end-member (distance 845 μm) and equal to 1 at the basaltic end-member.
The Raman parameter (R p ) functions as a proxy to track the change of the spectra with respect to the two iron-rich end-member compositions (i.e., basaltic and rhyolitic). In this manner, the R p can be used as a tool to approximate the chemical composition of silicate glasses constrained to this specific chemical interval.
In order to retrieve the chemical composition, each major element was parameterized using the following second degree polynomial equation:
where y represents the calculated concentration in wt % oxide (SiO 2 , Al 2 O 3 , FeO, CaO, MgO, Na 2 O, and K 2 O) and a, b, and c are the fit parameters (Table 2 ). In addition, in Table S2 the fit parameters necessary to calculate the chemical composition expressed in mol% are reported. Due to the low absolute concentration of TiO 2 and MnO in all samples, and in consequence of the related scatter due to analytical uncertainty in the EMPA analysis, the goodness of fit for both these elements (R 2 values of 0.6866 and 0.0565, respectively) is poor. Therefore, by the use of equation (2), with the calculated R p (Table 1) , the sample chemical composition can be calculated using the collected Raman spectra. In Figure 5 we report a comparison between the estimated versus measured chemical compositions of the analyzed samples.
Matlab© and Excel© files of the Raman model are provided in Data Sets S1 and S2 in the supporting information together with a brief description provided in Text S1 in the supporting information. . Glass chemistry as a function of Raman parameter (R p ; using equation (1)). The parameterizations obtained using equation (2) are reported as solid lines. Fit parameters are listed in Table 2 .
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Model Validation
Our approach has been validated using four samples for which the chemical composition was independently measured. As reported above, Martian basalts are considerably enriched in iron respect to terrestrial ones which exhibit an average of FeO tot abundance of~12 wt % [Chevrel et al., 2014] . Because of this, we decided to first test our model using Mars analogue glasses [Chevrel et al., 2014] .
In order to do so, we acquired the Raman spectrum ( Figure S2 ) of a reduced Fe-rich synthetic basaltic glass (AdMB-S6, Fe 2+ /Fe tot = 0.63) with a chemical composition (Table 3) corresponding to the Adirondack class rock (Gusev plains on Mars [Ming et al., 2008] ).
Combining the acquired Raman spectrum with the spectra of the end-members we obtained a Raman parameter R p = 0.97 (Table 3) close to a basaltic composition (Table 1) . Moreover, using the equation (2) we were able to approximate the chemical composition of the AdMB-S6 sample (Table 3 ).
In particular, the estimated SiO 2 and Al 2 O 3 contents are 49.96 and 10.84 wt %, respectively (Table 3) , while the measured values are 47.62 and 11.13 wt %, respectively. Our model slightly underestimates the measured FeO content (16.08 versus 18.95 wt %). The reason for this mismatch is, as outlined above, that this sample has a certain different chemical composition, being slightly lower in silica and more significantly higher in iron content with respect to our basaltic end-member. The presence of iron may strongly affect the vibrational features in the Raman spectrum. In fact, as a result of this difference in iron content, the AdMB-S6 sample exhibits a lower, normalized intensity in the LW region with respect to the basaltic end-member. The (main) peak intensity at~965 cm À1 may be used to investigate in more detail the effect of iron on the Raman spectra [Di Genova et al., 2016, and references therein] . The estimated alkali content (Na 2 O = 3.46 wt %, K 2 O = 0.89 wt %) is slightly higher than the measured one (Na 2 O = 2.84 wt %, K 2 O = 0.17 wt %), while the alkaline earth content (CaO = 8.53 wt % and MgO = 9.13 wt %) is adequately predicted (7.52 and 9.88 wt %, respectively). [Ming et al., 2008] . The IAMB-S5 is characterized by a more evolved and more alkali-rich composition than the AdMB-S6 sample. Interestingly, the calculated Raman parameter is 0.87, which confirms the higher degree of polymerization of this sample than AdMB-S6. Indeed, the measured SiO 2 content is 53.53 wt % (Table 3) , while the calculated is 52.50 wt %.
In addition to the iron-rich synthetic basaltic glasses, we also used terrestrial glasses in order to validate our model for silica-rich compositions. For this purpose, we collected the Raman spectrum of a basaltic-andesite glass (MSB, Figure S2) , and in addition, we used the andesitic Raman spectrum reported in Di Genova et al.
[2015] (MSA, Figure S2 ). The chemical compositions (EPMA) are reported in Table 3 together with the model prediction.
For both samples the silica content was well predicted; the estimated MSB SiO 2 content is 57.12 wt %, while the measured content is 55.18 wt %; for the MSA sample the estimation is 60.99 wt %, while the measured value is 59.58 wt %. As expected, the model overestimates the FeO content of both samples (Table 3) as calc-alkaline glasses are significantly less iron rich compared to the glasses employed to develop our model (12.12 versus 8.20 wt % for MSB and 10.22 versus 6.28 wt % for MSA). Interestingly, as a result of the iron overestimation, the Al 2 O 3 content is similarly underestimated (11.38 versus 18.50 wt % for MSB; 11.41 versus 17.94 wt % for MSA). The total amount of alkali and alkaline earth cations is adequately approximated (Table 3 ).
Implications for Mars
Our understanding of Mars has seen significant improvements in recent years owing to the study of meteorites (see McSween and McLennan [2013] for a data compilation) and development of orbiters and rovers (see McSween [2015] for a review). This has led to a considerable advancement in high-resolution topographic maps [Bibring et al., 2006] as well as understanding of the composition and physical processes associated to the Martian surface [e.g., Squyres et al., 2012; Stolper et al., 2013; Sautter et al., 2015] . In particular, the rovers that perform in situ analyses on Martian surface are a unique source of data. Although the instruments carried by rovers are able to obtain precise bulk rock composition and mineral characteristics [McSween, 2015] , the amorphous phase compositions that are so valuable for estimating processes of formation crucial to understand Martian surface conditions are still absent.
The growing development of Raman spectrometers as powerful technique for the in situ and remotely controlled rapid identification of organic and inorganic amorphous materials is therefore particularly relevant for future mission to Mars. In this respect, the European Space Agency and the National Aeronautics and Space Administration are currently testing and enhancing rovers equipped with Raman spectrometers for the ExoMars and Mars 2020 missions. 
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Considering the abundance of glassy material found on Mars, either as sedimentary deposits, volcanic products, or impact-related deposits [Horgan and Bell, 2012; Minitti et al., 2013; Cannon and Mustard, 2015] , we need to be able to interpret all Raman spectral signatures in order to characterize any potential glassy phase and study the processes of its formation.
Our calibration for Raman spectra can be directly applied to interpret future analyses from forthcoming Mars missions. This fundamental information would resolve several issues, e.g., (1) detailing the processes involved in volcanic events and especially the cooling processes [e.g., Dingwell, 1996] , (2) determine the origin of the widespread area of glassy sand observed by Horgan and Bell [2012] , (3) yield new information in respect to the presence of water and therefore the potential for hosting life and (4) characterize glassy spherules and impactites that could host traces of life [Cannon and Mustard, 2015] .
Conclusions
Based on the results and discussion presented above we draw the following conclusions:
1. Raman spectra can be used to determine the chemical composition of glasses of a compositional range expected to be encountered on Mars. 2. The presented data help to expand the database of Raman spectra and corresponding chemical analysis reported by Di Genova et al. [2015 , 2016 and highlight the need for continued development of this database to broaden its applicability in Earth Science as well as for extraterrestrial missions to Mars and other planets. 3. The model for estimation of the chemical composition of silicate glasses will expand the working range of the Raman spectrometers mounted on both ExoMars and MARS 2020 to include in situ analysis of the chemical composition and water content of silicate glasses. 4. Characterization of glassy material encountered on Mars surface will help to constrain the geological processes acting on the Martian surface.
